Abstract. Chemical cross-linking of proteins followed by proteolysis and mass spectrometric analysis of the resulting cross-linked peptides provides powerful insight into the quaternary structure of protein complexes. Mixed-isotope crosslinking (a method for distinguishing intermolecular cross-links) was coupled with liquid chromatography, ion mobility spectrometry and mass spectrometry (LC-IMS-MS) to provide an additional separation dimension to the traditional cross-linking approach. This method produced multiplet m/z peaks that are aligned in the IMS drift time dimension and serve as signatures of intermolecular cross-linked peptides. We developed an informatics tool to use the amino acid sequence information inherent in the multiplet spacing for accurate identification of the cross-linked peptides. Because of the separation of cross-linked and non-cross-linked peptides in drift time, our LC-IMS-MS approach was able to confidently detect more intermolecular cross-linked peptides than LC-MS alone.
Introduction
C ross-linking mass spectrometry has long been used as a tool to probe protein structure [1] [2] [3] [4] [5] . Recent advances in cross-linking mass spectrometry (XL-MS) suggest that this technique will become an increasingly important tool for structural proteomics [6, 7] . In XL-MS, protein complexes are treated with a bifunctional cross-linking reagent that creates a covalent link between adjacent portions of the peptide chain. Proteolytic digests are then analyzed by mass spectrometry (MS) to identify cross-linked peptides, which in turn provide structural information about the protein complex. Although the challenges of XL-MS (high complexity of reaction mixtures, low abundance of cross-linked peptides, high charge and mass of crosslinked peptides, and complex fragmentation spectra) are well known and remain formidable, promising advances are being made [6] [7] [8] .
One challenge in XL-MS, particularly relevant to structural elucidation, is the problem of distinguishing intermolecular from intramolecular cross-links. Many protein complexes contain multiple copies of the same subunit, and unless the two linked peptides share overlapping, nonrepeated sequences, intermolecular and intramolecular crosslinks are indistinguishable, leading to ambiguous structural restraints. To date, the only reported method able to distinguish these types of cross-linked peptides is mixedisotope cross-linking (MIX) [9] . In this technique, isotopically labeled (heavy) proteins are mixed with unlabeled (light) proteins under conditions that allow subunit exchange. The complex is then cross-linked, proteolytically digested, and analyzed using MS. In the mass spectra, intermolecular cross-linked peptides appear as quadruplet peaks, whereas intramolecular peptides appear as doublets. The original MIX application used 15 N enrichment; we have used uniform 13 C, 15 N labeling.
We introduce two improvements to the MIX method to facilitate identification of intermolecular cross-links. First, we have combined the MIX method with ion mobility spectrometry (IMS). IMS-MS has previously been used to separate positional isomers of "dead-end" cross-linker modified peptides [10] and for studying complexes of a single amyloidogenic peptide [11] , but has not yet been utilized for analysis of a crosslinked protein complex digest. The combination of IMS-MS with MIX is particularly powerful. Since the MIX heavyisotope labels do not change IMS drift time (t d ) [12] , the multiplet signals are aligned in t d , providing a spectral signature for cross-linked peptides that is readily detected both visually and algorithmically. Second, we developed an informatics tool to take advantage of the information contained in the spacing of the MIX multiplets. This spacing (determined by the number of heavy-isotope atoms) encodes information about the amino acid composition, which constrains peptide identification. 
Methods
Recombinant, His 6 -tagged, uniformly 13 C, 15 N-labeled and unlabeled proteins were expressed in Escherichia coli and purified using standard methods [14, 15] . A purified, 1:1 mixture of unlabeled and uniformly 13 C, 15 N-labeled SO_2176 protein was supplied by the Northeast Structural Genomics Consortium (NESG). SO_2176 is NESG target SoR77. The plasmid construct for SrfN was also provided by NESG (target StR109). A mixture of 1:1 unlabeled: uniformly 13 C, 15 N-labeled SrfN was prepared and allowed to equilibrate at 4°C in phosphate-buffered saline. The samples were treated with the amine-reactive cross-linker bis(sulfosuccinimidyl)suberate (BS 3 ) at 35-fold molar excess for 30 min at room temperature, and the reactions quenched by the addition of 1 M glycine to a final concentration of 20 mM. The sample was concentrated to G400 μL, denatured by adding solid urea for a final concentration of~6-7 M, and then incubated at 60°C for 30 min. The denatured protein was diluted 10-fold with 100 mM ammonium bicarbonate buffer (pH8) and digested overnight with sequencing grade modified trypsin (Promega, Madison, WI, USA). The sample was acidified with trifluoroacetic acid (0.05% final concentration) and desalted by solid-phase extraction on C18 hydrophobic resin (Supelco, St. Louis, MO, USA).
Samples were subjected to liquid chromatography using a custom system described previously [16] . The LC column was packed in-house with Jupiter C18 stationary phase (3 μm particle size, Phenomenex, Torrance, CA, USA), and consists of a fused silica capillary (60 cm × 75 μm i.d.; Polymicro Technologies, Phoenix, AZ, USA). Analysis of the MIX labeled samples was performed using an in-house built IMS-TOF MS instrument that couples a 1-m IMS drift tube with an Agilent 6224 TOF MS (Agilent, Santa Clara, CA, USA) upgraded to a 1.5 m flight tube providing resolution of 25,000 in enhanced dynamic range mode [17, 18] . To perform the IMS-MS measurements, the LC stream was ionized utilizing electrospray ionization and the ions were passed through a heated inlet capillary and focused by a high pressure ion funnel. Ions exiting the high pressure funnel were then accumulated in a trapping ion funnel before being released into the IMS drift tube filled with 4 Torr nitrogen. After separating according to mobility, ions in the drift tube were focused by a final ion funnel and transferred by way of a short quadrupole followed by a segmented quadrupole into the TOF MS for m/z analysis. Drift times were not calibrated, but the deviations of the observed drift times of nine standard peptides from known values, measured immediately before and after each experiment, were negligible. Drift times were also standardized to 298 K and 4 Torr. Raw LC-IMS-MS data were processed with Decon2LS [19] , and LC-IMS-MS Feature Finder [20] was used to group isotopic profiles across LC elution time and drift time into features (peaks in the elution time/drift time/mass space representing distinct chemical species).
We created a C# .NET 4.0 application called CrossLinkingIMS to search for cross-linked peptides in the LC-IMS-MS Feature Finder results. This software uses the known protein sequence to calculate both the mass of the predicted unlabeled tryptic cross-linked peptides and the predicted mass shifts due to heavy isotope labeling. The protein N-terminus, and lysine, serine, threonine, and tyrosine residues were considered as potential cross-linking sites [21, 22] . This list of theoretical cross-linked peptides was matched against the LC-IMS-MS features, using a mass tolerance of 10 ppm. When a match was found, the raw data were checked for matches to the theoretical masses of the corresponding labeled isotopic peaks in the relevant (m/z, t drift , elution time) space. A cross-link was considered identified if all the expected peaks were present and the mass measurement error of the light peak was G10 ppm. Matches were visually examined to confirm intensity relationships (expected to be 1:1:1:1 for quadruplets and 1:2:1 for triplets; features passed the inspection if the observed ratio was within a factor of three of the expected and if peaks were clearly visible above the noise). This software and the data files used in this study are available at http://omics.pnl.gov/software/CrossLinkingIMS.php.
Distances between potential cross-linked residues in SO_2176 were calculated using both the NMR structure (PDB ID 2JUW) and the crystal structure (PDB ID 2QTI). Distances between cross-linked residues in SrfN were evaluated using the solution structure (Protein Data Bank ID 2JNA) that was subsequently re-refined to account for in vivo proteolytic cleavage of the 21-residue N-terminal signal peptide (unpublished). In addition to calculating the linear (Euclidean) distance between cross-linked residues from these structures, we calculated the solvent-accessible surface distances (SASD) using the program Xwalk [23] . SASD was calculated between Cβ atoms with the atomic radius expanded to 2.0 Å, and a maximum SASD of 34 Å as described. Cross-linked residue pairs were judged to be within range if the SASD was less than the sum of the length of the two side chains, the linker length (11.4 Å), and a 3 Å tolerance (e.g., 24.4 Å for a lysine-to-lysine cross-link) [24] .
Results and Discussion
For simplicity, we designate the light and heavy versions of the longer peptide of a cross-linked pair as a and A, respectively, and the light and heavy versions of the shorter peptide as b and B, respectively. Figure 1 shows the nested IMS-MS drift time spectrum assigned to the MIX-labeled homodimeric cross-linked peptide AEQVSKQEISHFK/ AEQVSKQEISHFK from SrfN (underlined residue indicates the presumed site of cross-linking). The homodimeric peptide appears as distinctive triplets (cyan circles), contrasting with the numerous doublets present (e.g., red circle). The aa, aA-Aa, and AA forms (in this symmetrical case, both peptides are a or A) all have identical IMS drift time distributions (Figure 1, inset) , supporting the assignment of all three peaks to the same cross-linked peptide. The spacing between the peaks corresponds to mass shifts of 86.159 and 86.172 Da, consistent with the expected increase in mass of 86.168 Da resulting from the 67 13 C and 19 15 N atoms in the peptide AEQVSKQEISHFK. The ratio of the aa:aA/Aa:AA peak heights (1:1.8:0.7) is~1:2:1, as expected for a homodimeric cross-link. In addition, four charge states (3+ to 6+) are detected (3+ charge state not shown), each with correct m/z, peak spacing, and intensity ratios. Thus, the identification of AEQVSKQEISHFK/AEQVSKQEISHFK is deemed highly confident.
As a second example, Figure 2 illustrates the spectrum of the heterodimeric cross-link AEQVSKQEISHFK/AEQVSK 4+ from SrfN. The m/z spacing between the pairs matches very well to the predicted values. The ab-Ab and aB-AB peak pairs have shifts of 86.15 and 86.17 Da, respectively (predicted, 86.168 Da); and the ab-aB and Ab-AB mass shifts are 35.06 and 35.08 Da (predicted, 35.067 Da). The IMS drift times of the four peaks are again identical, and the peak intensities are approximately equal, as expected for a heterodimeric crosslink. Taken together, these data provide a highly confident cross-link identification.
Our search software identified nine intermolecular crosslinked peptides for SrfN and six for SO_2176 ( Table 1) . Out of the 15 cross-links observed, only six could be identified as inter-and not intramolecular cross-links by sequence alone (i.e., because the two peptides share all or part of their sequence, indicating that they arise from different copies of the same polypeptide). MIX labeling clearly reveals the intermolecular nature of the other nine peptides.
The observed cross-links are mapped onto the known protein structures in Figure 3 . In addition, we calculated the theoretical solvent-accessible surface distances (SASD) for the observed cross-links with the Xwalk program [23] (Tables S1 and S2). The SASD between two cross-linked Figure 1 . MIX-IMS-MS identification of a cross-linked peptide. The IMS-mass spectrum depicts doublets (e.g., red circle) arising from light/heavy peptide pairs, and triplets (cyan circles) arising from the cross-linked peptide AEQVSK-QEISHFK/AEQVSKQEISHFK in the 4+, 5+, and 6+ charge states. Inset: closeup of the 4+ charge state triplet (area in white box) that illustrates peak spacing and drift time profiles Table 1 ) and the spacing of the quadruplet support the assignment of this feature as the cross-linked peptide AEQVSKQEISHFK/AEQVSK 4+ residues describes the path of the cross-linker and the two linked side chains over the surface of the protein. This measure is more meaningful than simple Euclidean distance, which may take a physically unrealistic path through the center of the protein.
By either Euclidean distance or SASD, some of the observed cross-linked pairs in Table 1 are too distant for the length of the linker. Of the six cross-linked peptides identified for SO_2176, three contain residue pairs within the expected SASD (Supplementary Tables S1 and S2 ). Nine intermolecular cross-linked peptides for SrfN were identified; only seven of these cross-linked peptides contain potential pairs of reactive residues that are within the expected maximum SASD. The identification of these peptides is well supported by the IMS-MS data; however, without LC-MS/MS experiments to pinpoint the cross-linked residues, any pair inter-peptide pair of amino or hydroxyl residues could be the linked site. Separate MS/MS experiments with cross-linked SrfN peptides (data not shown) suggest that the cross-linked residues are usually lysine. Four of the identified SrfN peptides have a pair of lysine residues; only one of these (AEQSVKQEISHFK/ AEQSVK-QEISHFK) has the two lysine residues within range.
Many cross-linking studies have reported that some confidently observed cross-links are "out-of-range" [7, 8, 25] . Possible reasons for this discrepancy include structural perturbation by excessive cross-linking [26] , oligomerization/aggregation, rapid subunit exchange, and structural flexibility of the protein [27] . These possibilities are discussed in greater detail in the Supplemental Information. We briefly note here that cross-linking induced oligomerization was observed in some SrfN preparations, although not the one used for MIX-LC-IMS-MS (Supplemental Figure  S1) , and that the out-of-range cross-links in SO_2176 occur in a flexible region of the protein (Supplemental Figure S2) . Furthermore, we did not fully optimize the cross-linking conditions used in this study, which may have led to artifacts. Given these considerations, the observation of cross-links that appear inconsistent with the structure does not detract from the utility of the MIX-LC-IMS-MS method.
In IMS-MS, similar chemical compounds group in defined (m/z, t d ) regions or "trend lines," based on their charge state and chemical identity [28, 29] . The observed m/ z and t d values of the 15 cross-linked peptides in this study fall on the same charge-state dependent trend lines [28, 29] as non-cross-linked peptides ( Figure S3 ). Seeing this trend Lysine (K) to lysine cross-linking sites are presumed where present, since NHS esters are primarily amine-reactive. Alternative cross-linking sites involving S, Y, or T residues are also possible [21, 22] . C-terminal lysine residues are assumed not to participate in cross-links, since modified lysine is not a trypsin cleavage site b Presumed cross-link sites are indicated in bold c
As the N-terminus of the mature, processed protein, A22 has an amino group available for cross-linking further increases confidence in the cross-linked peptide identifications.
To evaluate the contributions of the IMS separation to the specificity and sensitivity of the cross-link search, we compared MIX-LC-IMS-MS data to simulated MIX-LC-MS data (Supplementary Information). We estimated the false discovery rate (FDR) of our MIX-LC-IMS-MS and MIX-LC-MS search results using a decoy method in which 100 randomized variants of the target sequence were used as decoys. The results in Table 2 show that the inclusion of the IMS separation dramatically increased the number of crosslinked peptides detected for both proteins; and that for SO_2176, the IMS separation also considerably decreased the FDR. To understand why IMS-MS outperformed MS alone, we evaluated the spectra of cross-linked peptides found in the IMS-MS search but not in the MS-only search. We found that interfering, unrelated peaks overlapped with peaks belonging to the cross-linked peptides in the m/z dimension (Supplementary Figure S4) , a situation problematic for automated spectrum analysis. In contrast, separation in the IMS t d dimension removed the interfering signals, allowing unambiguous identification. These observations are in line with previous work showing that LC-IMS-MS enhances sensitivity and dynamic range compared to LC-MS because overlapping LC-MS features are separated in the t d dimension [30] .
Conclusions
Our results show that MIX specifically distinguishes intermolecular cross-links from intramolecular cross-links, a useful feature for the analysis of homo-multimeric complexes. By utilizing the MIX-LC-IMS-MS approach, we were able to increase both the number and specificity of cross-linked peptide identifications relative to MIX-LC-MS alone. This approach could easily be extended to larger, heteromeric complexes by applying the MIX labeling to a subset of the subunits, and the advantages of the additional IMS separation also apply to cross-linking experiments in which the crosslinking reagent, rather than the protein, is isotopically labeled. The decoy set consisted of 100 randomized variants of the target sequence, and was therefore 100 times larger than the target search space. Division by a factor of 100 normalizes this difference b Calculated as (decoy hits/100)/forward hits*100
